20-30 base pairs per year as a result of incomplete replication during DNA synthesis. Initial telomere shortening has no consequences. 5, 6 However, when the remaining telomere length is insufficient, the termini of linear chromosomes are recognized as doublestrand breaks, resulting in abnormal DNA repair or degradation and eventually in cell senescence. [7] [8] [9] [10] Telomere shortening is associated with telomeropathy-related diseases, such as dyskeratosis congenita, liver cirrhosis, and pulmonary fibrosis. 11 Mutations in genes associated with telomere maintenance are found to be causal to congenital forms of these diseases. For instance, poly(A)-specific ribonuclease, encoded by the gene PARN, [12] [13] [14] positively affects mRNA stability through deadenylation activity of the poly(A) tail. Deficiencies in the deadenylation process cause reduced production of proteins involved in telomere maintenance and induce telomere shortening. 14 Although many telomeropathy-associated mutations have been discovered, the type of cells affected by telomere shortening and how these are related to disease pathogenesis must still be elucidated. Interestingly, PARN mutations initiate a p53-regulated early DNA damage response. 14 To assess both telomere length and DNA double-strand breaks in specific cells of formalin-fixed paraffin-embedded (FFPE) lung tissue, DNA and protein staining techniques need to be combined in one assay.
Quantitative fluorescence in situ hybridization (Q-FISH) is widely used to visualize and measure relative DNA or RNA with fluorescently labeled probes containing sequences complementary to target DNA. 15, 16 For the analysis of relative telomere length, fluorescent signals per individual immunofluorescence (IF) marked cell can be obtained by Q-FISH as previously described by Meeker and coworkers. 17 To visualize proteins, IF is a standard staining technique, using antibodies labeled with fluorescent tags. 18 Moreover, IF is suitable for quantification. 19, 20 DNA double-strand breaks initially result in the phosphorylation of histon protein H2AX (gamma-H2AX). 21, 22 Therefore, gamma-H2AX staining is generally used in DNA damage assays. 19, 23 In case of telomeres and DNA damage, FISH and IF are mostly used for co-localization studies. 24, 25 However, no studies have quantified both telomere length and gamma-H2AX signals per cell type specifically. The telomere Q-FISH probe, gamma-H2AX, and specific cell markers must all be identified separately in one tissue specimen. Spectral overlap will occur when all stainings occur simultaneously. To circumvent fluorophore spectral overlap, heat-mediated antibody and FISH probe slide elution have been proposed to allow reuse of the same tissue for a different staining. [26] [27] [28] In FFPE material, cell-specific antibody stains are essential in identifying different cell subsets in lung material. Lung cells are subdivided into three main compartments: alveolar cells, bronchial and bronchiolar epithelium cells, and pulmonary vascular cells. 29 To account for these three groups, we selected alveolar type I-(AT1, CAV-1 + ) and type II (AT2, pro-Spc + ) pneumocytes, club (CC10 + ) cells and smooth muscle (aSMA + ) cells as proof of principle in the assessment of telomere length and gamma-H2AX.
A delicate way to study tissue biomolecules is laser scanning confocal microscopy (LSCM). Advantages include optical sectioning within a single-cell, threedimensional imaging and high signal-to-background ratios, 30, 31 which makes the system ideal for quantification of fluorescent labeled cell structures in fixed tissue. 32, 33 In this study, the main challenge is to quantify FISH and IF signals simultaneously in multiple individually stained cell types in FFPE tissue. Because LSCM can be used to image multiple fluorescent targets at once, 34 this is the method of choice. Here, we describe a novel, accessible method combining Q-FISH and IF staining techniques to quantitatively analyze the relationship between telomere length and DNA double-strand breaks in different cell types of FFPE lung tissue. To our knowledge, the procedures used in this assay were never combined into one protocol before. Lung FFPE material obtained from a pulmonary fibrosis patient with a PARN mutation was included as proof of principle.
Materials and Methods

Tissue Inclusion and Study Approval
Residual tissue was obtained from FFPE lung tissue from patients with pulmonary fibrosis. An experienced lung pathologist reviewed all tissues to select the biopsies showing all features of a distinct pathological usual interstitial pneumonia (UIP) pattern. Lung control tissue was collected from residual donor organ. The patient has written biobank informed consent, and the study was approved by the Medical research Ethics Committees United (MEC-U) of the St Antonius Hospital (approval number R05-08A).
Tissue Preparation and Fluorescence In Situ Hybridization
Two serial sections of 4 μm were cut, air-dried for 10 min, and heated at 56C for 30 min. Slides were then placed at 4C until staining. Material was incubated at 56C for 4 hr. The sequential sections were deparaffinized and hydrated using a xylene and ethanol series, respectively (20 sec per step), after which they were rinsed in tab water (2 times 1 min). Next, the two slides were washed in phosphate-buffered saline (PBS) and boiled in a trisaminomethane-ethylenediaminetetraacetic acid solution (Tris-EDTA; 40-mM Tris, 1-mM EDTA, pH 9) for 20 min. The boiling pan containing the Tris-EDTA solution and the slides were cooled down to room temperature by placing the boiling pan in cold water. Samples were washed once with PBS and thereafter with demineralized (DEMI) water. Next, slides were air-dried and dry slides were incubated, using cover glasses, with a telomere-Cy3 peptide nucleotide acid (PNA) probe (2.70 µg/ml, F1002; Panagene, Daejeon, South Korea) which was diluted in a 2× saline-sodium citrate buffer (SSC) (0.3-M NaCl, 0.03-M sodium citrate), 5% dextran sulfate, 50% deionized formamide, and 0.5% Tween-20 hybridization mixture. The PNA probe consists of the sequence CCCTAACCCTAACCCTAA, which is complementary to the human telomere repeat sequence. Slides with the probe were heated for 5 min on a stretching table at 84C and subsequently placed on an ice-cooled metal plate (3-5 min). The slides were hybridized overnight at 37C in a moistened environment to prevent evaporation. To remove the excess probe, PNA wash solution (1% 1-M Tris, 29% Aquadest, and 70% Formamide) was used for 15 min while shaking. This step was repeated once. Subsequently, slides were washed 2 times 5 min in PBS and PBS-0.05% Tween (PBST) before starting the immunofluorescent staining protocol. The flow diagram of methodological steps is presented in Fig. 1 .
Gamma-H2AX Immunofluorescent Staining
Both sequential slides were incubated with 1% bovine serum albumin (BSA) in PBS for 20 min. On slide 1, a predilution of mouse anti-human gamma-H2AX antibody (05-636-I; Merck Millipore, Darmstadt, Germany) and rabbit anti-human pro-Spc antibody (AB3786; Merck Millipore) was applied. The second slide was incubated with a prediluted combination of mouse anti-human gamma-H2AX antibody and rabbit antihuman CC10 antibody (sc-25554; Santa Cruz Biotechnology, Dallas, TX). All primary antibodies were diluted 1:100 in 1% BSA/PBS and incubated 1 hr at room temperature. Slides were washed 3 times 5 min in PBST after each antibody cycle. Subsequent secondary antibodies goat anti-mouse Alexa Fluor 647 (1:100 in 1% BSA/PBS, A21235; Thermo Fisher Scientific, Waltham, MA) and Goat anti-rabbit Alexa Fluor 488 (1:80 in 1% BSA/PBS, A11008, Thermo Fisher Scientific) were applied sequentially on both slides for 30 min at room temperature. Subsequently, tissue was washed in PBS for 5 min. Next, samples were incubated with 4′,6-diamidino-2-phenylindole (DAPI; 25 µg/ml), washed in PBS for 5 min, and rinsed in DEMI water. Samples were air-dried, Vectashield antifade mounting medium (Vector Laboratories, Burlingame, CA) was applied, and slides were stored at 4C until analysis with LSCM (see section "Laser Scanning Confocal Microscopy").
Tissue Slide Elution and Immunofluorescent Staining to Identify Cell Types
Pro-Spc-and CC10-positive cells were identified during the assessment of telomeres and gamma-H2AX, and tissue coordinates of the locations were saved. However, to avoid spectral overlap due to the use of more than four colors, we introduced heat-mediated FISH-probe and antibody elution. After the first phase of LSCM analysis, cover glasses were removed, and slides were washed in PBS and subsequently boiled in Tris-EDTA (40-mM Tris, 1-mM EDTA, pH 9) for 20 min to elute previously used FISH probe and antibodies. The proceeding steps were as described above using the following premixed primary antibodies for slides 1 and 2. Slide 1: mouse anti-human caveolin-1 (1:50, 610407, BD Biosciences, Franklin Lane, NJ) and rabbit anti-human pro-Spc (1:100, AB3786; Merck Millipore). Slide 2: mouse anti-human αSMA (1:50; Sigma-Aldrich, Darmstadt, Germany) and rabbit anti-human CC10 antibody (1:100 sc-25554; Santa Cruz Biotechnology).
Secondary antibodies were the same for both slides: goat anti-mouse Alexa Fluor 546 (1:50 in 1% BSA/PBS, A11030; Thermo Fisher Scientific) and goat anti-rabbit Alexa Fluor 488 (1:80 in 1% BSA/PBS, A11008; Thermo Fisher Scientific). Afterward, LSCM pictures were taken of the same slide location, using previously saved coordinates.
Laser Scanning Confocal Microscopy
Telomere and gamma-H2AX pictures were taken at the end of phase 1 for quantification (Fig. 1) . Digital images of resolution 1024 × 1024 were obtained on an LSM700 laser scanning confocal microscope (Zeiss, Jena, Germany) with a 63×/1.4 oil immersion objective (DIC, M27, Plan-Apochromat). For AT1, at least six cells, but on average 15 cells were obtained from five images scattered over the biopsy and analyzed for each patient. The average of AT2 cells was 20. The minimum amount of images required for the analysis was determined by analyzing 10 images of a control lung using the method of cumulative means/medians. 35 Fluorescent probes were excited at 405 nm (DAPI), 488 nm (AF488), 555 nm (Cy3 and AF546), and 639 nm (AF647), using solid-state diode lasers. In addition, emission was detected between 406 and 479 nm (DAPI), 489 and 533 nm (AF488), 556 and 604 nm (Cy3 and AF546), and 640 and 700 nm (AF647), using corresponding emission filters. Pinholes were set equally between fluorescence channels. Z-stacking of nine focal planes with 0.5-µm intervals was used to maximize the coverage of cell nuclei. Tissue X-and Y-coordinates were saved. Next, Z-stack images were captured by a photo multiplier tube (PMT) detector and per laser channel merged into one image by LSM2011 software for further analysis. Microscope and software settings were the same for all experiments, in which fluorescent signal saturation was avoided to maintain detection linearity. After slide elution and IF restaining (see see "Phase 2" in Fig. 1 ), LSCM was used for identification of cell markers. Previously imaged sites were located using the saved coordinates. To save time capturing the images in phase 2 for identifying cell types using specific fluorescent markers, a maximum Z-stack of four focal planes (1.5 µm) was used.
Image Analysis
To quantify fluorescent signals of telomeres and gamma-H2AX, images were analyzed using the image analysis Telometer plugin (available at http:// demarzolab.pathology.jhmi.edu/telometer/index. html) of ImageJ (http://rsb.info.nih.gov/ij/). First, images were converted into 16-bit output. Rolling ball radius and threshold settings were set to 3 and 30 for telomeres and 3 and 15 for gamma-H2AX measurements, respectively. To account for total fluorescence, maximum of pixels was configured at 1,000,000. Next, pictures were normalized for background. In addition, DAPI nuclei were cross-checked with images showing cell-specific markers, encircled, and manually saved as regions of interest (ROIs; Fig. 2J and K) . The advantage of using ROIs is that cell selection is concordant between separate telomere and gamma-H2AX images. To avoid background fluorescence in an ROI, cells overlapping unidentified (auto)fluorescent structures were not selected for analysis. Telometer draw mode in the software was not utilized. Next, ImageJ calculated total fluorescence per cluster of positive pixels. Multiple clusters were manually summed up to calculate total telomere or gamma-H2AX fluorescence within a cell.
Results
Antibody and FISH Probe Elution Procedures Allow for the Use of Multiple Fluorophores
For the analysis of multiple fluorescent probes in one FFPE tissue slide, we used antibody elution to avoid spectral overlap of different fluorophores. In phase 1, we obtained multiple fluorescent pictures from telomere (red) and gamma-H2AX (yellow) stained tissue ( Fig. 2A, B, D, and E) . For localization analysis, tissue was co-stained with a type 2 cell-specific pro-Spc antibody (green, Fig. 2C and F) . To remove fluorescent signals, a Tris-EDTA heat-mediated elution procedure was used, resulting in a complete loss of telomere FISH probe and gamma-H2AX signals ( Fig. 2G and H) . This was confirmed by incubating tissue solely with the AF647-conjugated secondary antibody (data not shown). After obtaining telomere and gamma-H2AX pictures, antibodies against caveolin-1 (red) and pro-Spc (green) were applied for identification of, respectively, AT1 and AT2 cells at the same coordinates (Fig. 2L) .
Telomere Length and Gamma-H2AX Quantification by the Telometer Plugin of ImageJ
To locate and select cells of interest, telomere and gamma-H2AX pictures were mirrored to pictures showing cell-specific markers. All antibodies were checked for cell specificity by experienced lung pathologists using consecutive hematoxylin and eosin (HE)-stained slides for comparison. The DAPIstained nuclei of selected cells were encircled as ROIs and used in both telomere and gamma-H2AX channels to achieve an exact overlap of cell location between the channels. Image analysis was conducted using the ImageJ Telometer plugin, which was originally designed to quantify telomere fluorescence. In this study, visualization and detection of telomere fluorescence were verified (Fig. 2J) , similarly to the work of Meeker and coworkers. 17 To investigate whether gamma-H2AX signals could be reliably assessed, staining was performed on adenocarcinomic human alveolar basal epithelial (A549) cell cytospins which were treated with a concentration series of hydrogen peroxide (H 2 O 2 : 0-100-250-1000 µM) for 1 hr at 37C to induce DNA double-strand breaks. Recovery of cells was done in Roswell Park Memorial Institute 1640 medium (52400-041; Thermo Fisher Scientific) + 10% fetal calf serum (758093; Greiner Bio-One, Alphen a/d Rijn, the Netherlands) for 30 min at 37C, after which cytospins were produced. These data show that in treated cells, elevated concentrations of H 2 O 2 resulted in significantly higher gamma-H2AX intensity (Fig. 3) . Results were dosedependent. In FFPE lung, gamma-H2AX signal clusters were predominantly found in the AT2 cell. In contrast, the AT1 cell contained no gamma-H2AX signal (Fig. 2K) . Furthermore, to assess a variety of lung cell types, pictures were taken in bronchus and artery areas to assess telomere length and gamma-H2AX in club cells (CC10 positive, Fig. 4C ) and smooth muscle cells (aSMA positive, Fig. 4F ), respectively.
Adjusting for the Amount of DNA Using Nuclear Surface Area Is Preferable Over DAPI Intensity
Telomere and gamma-H2AX signal in the nucleus is quantified, but requires adjustment for the amount of nuclear DNA captured in the LSCM images. To investigate whether either DAPI intensity or nucleus surface area is optimal for the adjustment of the telomere and gamma-H2AX signal, they were compared between two consecutive slides of the same tissue block. The consecutive slides were stained on different time points, using a 30-min incubation step with the same DAPI solution. Correlations between DAPI intensity and nucleus surface area in healthy controls showed a positive correlation (r = 0.8521, p<0.0001, Fig. 5A ). In patients, we show that AT2 DAPI intensity is significantly higher in one slide compared with the other slide (p<0.0001), while nucleus surface area was constant between the two slides ( Fig. 5B and C) . Similar results were found for AT1, club cells, and smooth muscle cells (data not shown). Furthermore, telomere fluorescence was quantified and did not differ between slides (Fig. 5D ).
Specific Association of Telomere Shortening With DNA Double-strand Breaks in AT1 and AT2 Cells of a Familial Pulmonary Fibrosis Patient With a Poly(A)-Specific Ribonuclease (PARN) Mutation
To put the combined staining procedures into practice, we assessed telomere length and double-strand breaks of 25 AT1 and 27 AT2 cells in a case of familial pulmonary fibrosis with a PARN mutation (NM 001134477:c.98C>T; NP 001127949:p.P33L). This mutation segregated in a family in which two firstdegree family members were diagnosed with pulmonary fibrosis. The biopsy contained extensive subpleural fibrosis, consistent with the UIP pattern. Multiple fibroblasts foci were present. In this subject, AT1 cells show significant higher telomere fluorescence (Fig. 6A) and lower gamma-H2AX (Fig. 6B ) signals White arrows point to the (A1-A3) row of bronchus epithelial cells and to (B1-B3) cells of the arterial wall. Z-stacked LSCM pictures of (A1 and B1) telomere (red dots) and (A2 and B2) gamma-H2AX (yellow dots). DAPI DNA staining (blue) and cell-type identification of (A3) CC10-positive club cells (white) and (B3) aSMA-positive smooth muscle cells (purple). Scale bar is valid for all images and represents 10 µm. Abbreviations: CC10, club cell-10; aSMA, smooth muscle actin; LSCM, laser scanning confocal microscopy; DAPI, 4′,6-diamidino-2-phenylindole. compared with AT2 cells. The correlation analysis between telomere length and DNA double-strand breaks on alveolar epithelial cells resulted in a significant negative correlation (r = −0.5202, p<0.0001, Fig. 5C ), implying an increase in DNA double-strand breaks when telomeres shorten.
Discussion
In this article, we describe a novel method to semiquantitatively assess telomere length and gamma-H2AX-associated DNA damage in specific cell types in FFPE lung tissue using serial staining, elution, and restaining of slides with probes and antibodies. In our hands, gamma-H2AX was a suitable detector of DNA double-strand breaks. To obtain pictures, a standard 4-color detection confocal microscope was utilized. Furthermore, we showed that DAPI-positive nuclear cross-sectional surface area is preferable over DAPI intensity for the adjustment of DNA amount.
Previous approaches only quantified telomere length in one cell type using a cell identifying marker, or assessed cells only on histology features. 17, [36] [37] [38] However, most organs consist of many different cell types, and in some diseased tissues (e.g., fibrosis), histology alone is not sufficient to identify these different cells. Thus, to compare both telomere length and DNA double-strand breaks between multiple cell types, a more comprehensive approach is needed. Here, we identified multiple lung cells, for example, AT1 and AT2 pneumocytes, club cells, and smooth muscle cells, using appropriate antibodies. The locations of AT2 and club cells were selected by means of pro-Spc and CC10 staining, respectively. AT1 cells were identified juxtaposed AT2 cell coordinates, using a secondary staining after the elution procedure. The presence of artery smooth muscle cells was based on DAPI staining and checked afterward using aSMA positivity (Fig. 1) . Obtained LSCM pictures often contained fluorescent structures, which were visible in all channels (Fig. 2, white arrows) . These structures could include extracellular matrix components, of which elastin fibers and collagen possess autofluorescent features. 39, 40 Moreover, elastin is abundantly present in the lung. 41 Obviously, cells overlaying these structures were not included in the analysis to avoid interfering fluorescence signals during analysis.
The percentage of a cell nucleus captured in a picture is dependent on the cutting procedure of the paraffin block and the Z-stack selection. Both telomere and gamma-H2AX are located in the nucleus. Therefore, measurements had to be adjusted for the amount of cell nucleus captured in a picture. In literature, DAPI intensity and nuclear surface area have been used to adjust telomere and gamma-H2AX measurements. 17, 36, 42 However, we are not aware of any direct comparison of these procedures. Theoretically, we expect that the amount of DNA (DAPI) for each cell type is comparable. First, we have shown that in healthy controls, DAPI intensity correlated significantly with nuclear surface area (r = 0.8521, Fig. 4A ), implying that in normal conditions factors are exchangeable. However, significant differences were found between patient DAPI intensity in AT2 cells of two separately stained consecutive slides of the same biopsy (Fig. 5B) , while nucleus surface area was constant (Fig. 5C) . Moreover, no significant differences were found in telomere signal between the consecutive slides, which implies that DNA is evenly preserved (Fig. 5D) . This supports the idea that only DAPI intensity is fluctuating. Because nucleus surface area remained stable, we determined that this is a suitable factor to adjust for the amount of nuclear DNA present in an image.
Based on this methodological work, we analyzed telomere length and DNA double-strand breaks in AT1 and AT2 cells of a familial pulmonary fibrosis case with a rare c.98C>T; p.P33L PARN mutation. PARN is involved in the production of proteins related to telomere biology.
14 Therefore, defects in PARN lead to telomere shortening. Previously, we showed that telomeres of surrounding cells of patients with a mutation-induced telomere maintenance problem were significantly longer than telomeres of AT2 cells. We concluded that short AT2 cell telomere length might play a role in the pathogenesis of idiopathic pulmonary fibrosis (IPF), because AT2 cells are the progenitor cells of lung alveoli, thereby preserving the distal lung structure. This requires active telomere maintenance. However, in fibrotic lungs, AT2 cell telomere conservation supposedly cannot be maintained. 38 To study different types of surrounding cells, we therefore constructed a method to identify subsets of surrounding cells to investigate whether telomere length differs among these different types of surrounding cells. In a case of PARN mutation-associated pulmonary fibrosis, we showed that AT1 cell telomeres were significantly longer than AT2 cell telomeres. Whether this is a general feature of pulmonary fibrosis has to be investigated.
Telomere shortening plays a postulated role in pulmonary fibrosis according to the model of Chilosi and coworkers. 10 In addition, in accordance with literature, [12] [13] [14] we found that the mutation in PARN segregates with disease in a Dutch family of pulmonary fibrosis patients, implying the causative role of telomere shortening. However, the role of DNA double-strand breaks has not been elucidated in fibrogenesis. PARN mutations initiate a p53-regulated early DNA damage response. 14 We found that in this one case, short telomeres correlated with elevated DNA double-strand breaks, specifically in AT2 cells. Crucial high numbers of DNA double-strand breaks result in degradation or abnormal DNA repair and eventually in cell senescence. [7] [8] [9] [10] A limitation of this study is that only one case with an inherited telomere shortening syndrome is evaluated. However, these data cautiously indicate that DNA double-strand breaks might bridge the gap between telomere shortening and AT2 cell dysfunction in pulmonary fibrosis and deserve further investigation.
In conclusion, this study presents an accessible way to investigate cell type-specific quantitative association of telomere attrition with DNA double-strand breaks in FFPE lung tissue.
